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E-mail address: lo26@st-andrews.ac.uk (L. O’Hare)Images created from noise ﬁltered to have an approximately 1/f amplitude spectrum were altered by
adding excess energy concentrated at various spatial frequencies. The effects of this manipulation on
judgements of visual discomfort were studied. Visual noise with a 1/f amplitude spectrum (typical of nat-
ural images) was judged more comfortable than any image with a relative increase in contrast energy
within a narrow spatial frequency band. A peak centred on 0.375–1.5 cycles/degree of spatial frequency
was consistently judged as more uncomfortable than a peak at a higher spatial frequency. This ﬁnding
was robust to slight differences in eccentricity, and when stimuli were matched for perceived contrast
across spatial frequency. These ﬁndings are consistent with the idea that deviation from the statistics
of natural images could cause discomfort because the visual system is optimised to encode images with
the particular statistics typical of natural scenes.
 2011 Elsevier Ltd. All rights reserved.1. Introduction
Visual discomfort refers to the adverse effects of viewing certain
kinds of visual patterns. These effects can include headache, blur-
ring, diplopia and eye-strain (Sheedy, Hayes, & Engle, 2003). In
hypersensitive observers, discomfort is associated with headaches
and perceptual distortions (Conlon, Lovegrove, Chekaluk, &
Pattison, 1999; Conlon, Lovegrove, Barker, & Chekaluk, 2001),
epileptic seizures (Radhakrishnan et al., 2005) and migraine
(Muelleners, Chronicle, Palmer, Koehler, & Vredeveld, 2001), with
the frequency of migraine attacks predicted by susceptibility to
visual discomfort (e.g. Khalil, 1991). These populations appear to
be particularly sensitive to aversive visual stimuli, reporting more
symptoms of visual discomfort than others (e.g. Marcus & Soso,
1989; Shepherd, 2001; Wilkins, Darby, & Binnie, 1979).
However, visual discomfort is not limited to such clinical
groups; the general population ﬁnds some images uncomfortable
to view (e.g. Borsting, Chase, & Ridder, 2007; Borsting, Chase,
Tosha, & Ridder, 2008; Conlon et al., 1999; Fernandez & Wilkins,
2008; Wilkins et al., 1984; Wilkins & Nimmo-Smith, 1987). The
stimuli that the general population ﬁnds uncomfortable include
periodic patterns such as stripes and text (e.g. Wilkins &
Nimmo-Smith, 1984; Wilkins et al., 2007), certain colour combina-
tions (e.g. Ishida et al., 1999; Juricevic, Land, Wilkins, & Webster,
2010) and ﬂickering patterns (e.g., Binnie, Findlay, & Wilkins,
1985). Wilkins et al. (1984) established some of the deﬁning spatial
characteristics of uncomfortable stimuli, as judged by a non-clini-
cal population. The stimuli chosen for investigation were simplell rights reserved.
.striped and checked patterns. Factors affecting discomfort ratings
were found to be spatial frequency, duty cycle (width of stripe
compared to width of stripe spacing), size of pattern, and level of
contrast. Binocular viewing of these stimuli also increased the de-
gree of discomfort. Patterns evoking effects such as discomfort,
headaches or motion illusions are not conﬁned to the laboratory,
and include escalator treads (Cohn & Lasley, 1990), Op Art artworks
(Zanker & Leonards, 2006), and paintings inspired by migraines,
(Fernandez & Wilkins, 2008; Sacks, 1992, plates 1–8, following
p. 152). Visual discomfort is also associated with reading difﬁcul-
ties; Conlon et al., 1999; Scott et al., 2002).
Here, we focus on the role of spatial frequency as a determinant
of discomfort. Wilkins et al. (1984) found that spatial frequencies
within the range of 2–8 cycles/degree were particularly associated
with visual discomfort. This ﬁnding was supported by Fernandez
and Wilkins (2008), who also provided evidence for the impor-
tance of these spatial frequencies, this time using a narrower range
of those within two octaves of 3 cycles/degree (1.5–6 cycles/de-
gree). They compared the Fourier amplitude spectra of artworks
judged as uncomfortable to view, with those for artworks that
were judged as comfortable. They found a pronounced concentra-
tion of energy within two octaves of 3 cycles/degree in the former.
This suggests that the presence of relatively large amounts of en-
ergy around this spatial frequency contributes to the experience
of discomfort. This was tested experimentally by manipulating
the amount of energy in this region in random noise patterns. It
was found that increasing the amount of energy within two
octaves of 3 cycles/degree increased ratings of discomfort, while
reducing the amount of energy around this frequency decreased
these ratings. As noted by Fernandez and Wilkins (2008), spatial
frequencies around this range have been associated with the
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ing seizures in some epileptics than other frequencies. For exam-
ple, grating patterns with spatial frequencies between 1 and
4 cycles/degree were found to be optimum for causing paroxysmal
activity in EEG recordings by Wilkins, Binnie, and Darby (1980).
It has been proposed that discomfort is associated with devia-
tions from the spatial statistics of natural images (Fernandez &
Wilkins, 2008; Juricevic et al., 2010). Natural images have a charac-
teristic Fourier amplitude spectrum in which amplitude tends to
fall with spatial frequency as fs, where s tends on average to be
around 1 (Burton & Moorhead, 1987; Field, 1987a; Tolhurst,
Tadmor, & Chao, 1992; van der Schaaf & van Hateren, 1996). In
the experiments described above, Fernandez and Wilkins (2008)
examined the effects of deviations from a 1/f amplitude spectrum.
Images with an excess of contrast energy at frequencies around
3 cycles/degree were found to be more uncomfortable than images
with a 1/f natural slope. These results suggest that deviations in the
amplitude spectrum of images away from the 1/f natural slope
might cause discomfort. Consistent with this view, Juricevic et al.
(2010) showed that varying the slope of the amplitude function
of images affected their rated discomfort. They used random noise
images, and ‘Mondrian’ patterns comprising randomly positioned
overlapping rectangles. They found the lowest discomfort ratings
for a natural slope (s = 1), with judged discomfort increasing for
higher and lower slopes. It has also been suggested that the aes-
thetic value of images is inﬂuenced by the extent to which they
conform to the expected statistics of natural images (Graham & Re-
dies, 2010; Redies, 2007). It may be logical to predict from this that
those images that do not conform to natural image statistics will
cause discomfort.
There is an association between visual discomfort and depar-
tures from spatial statistics typical of natural images. Optimal pro-
cessing of incoming visual stimuli could possibly account for this
association. It is often assumed that the visual system is in some
way optimised for images with properties that are typical of those
encountered in the natural environment. It follows from this that
there will be other types of images for which its responses will
not be optimal. Discomfort might arise from this non-optimal re-
sponse. One issue that has received considerable attention is
whether the visual system is optimised for encoding images with
a 1/f amplitude spectrum. Field (1994) argued that the bandwidths
of spatial frequency tuned channels are optimised for this type of
amplitude spectrum. Visual information is processed by channels
that are tuned for spatial frequency. These channels can be charac-
terised by their preferred spatial frequency, and their spatial fre-
quency bandwidth. The latter refers to the range of frequencies
to which they are sensitive. Measurements of the bandwidths of
spatial frequency tuned channels have shown that, as the preferred
frequency of a channel increases, its bandwidth increases when
measured on a linear scale, but remains constant on an octave scale
(Field, 1994). Stimuli with a 1/f amplitude spectrum have greater
energy at low spatial frequencies than at high. The constant octave
bandwidth of channels means that the total amount of information
carried by each channel will be constant for images with a 1/f
amplitude spectrum. Conversely, when stimuli do not have a 1/f
amplitude spectrum, the amount of information carried will vary
across channels.
Another way in which the visual system might be optimised for
1/f statistics is in its differential sensitivity for different spatial fre-
quency information, known as the contrast sensitivity function. It
is well established that sensitivity to low-contrast, narrowband
stimuli (such as gratings) peaks for frequencies around 4 cycles/
degree, and decreases for both higher and lower frequencies
(Campbell & Robson, 1968). The fall-off in sensitivity for low spa-
tial frequencies can be seen as an optimal adaptation to 1/f images
because as contrast increases with decreasing frequency, signalsmay be accurately transmitted with a low gain, in order to mini-
mise the metabolic cost with little loss of information. As signals
have a higher amplitude at low frequencies in the ﬁrst instance,
it is beneﬁcial to reduce the gain so that metabolic energy is not
expended unnecessarily. At high spatial frequencies, there is little
useful information as the signal amplitude is expected to be low.
Gain here is therefore low in order to avoid expending energy on
signals with a low signal-to-noise ratio (Atick, 1992), which would
serve simply to amplify the noise. The gain in both cases is thus
optimised to equalise the responses resulting from the particular
statistics of the typical natural visual environment (i.e. the 1/f
amplitude spectrum). Again, it follows that signals which do not
have the expected 1/f amplitude spectrum will be encoded inefﬁ-
ciently. The consequences of this might include an unequal distri-
bution of activity across spatial frequency channels, an inefﬁcient
use of metabolic resources, and a reduced signal-to-noise ratio.
It has been proposed that discomfort arises when visual stimuli
produce exceptionally strong neural responses. (Wilkins, 1995;
Wilkins et al., 1984). Concentration of energy around 3 cycles/de-
gree might be expected to increase the strength of the neural re-
sponse, since this frequency is around the peak of the contrast
sensitivity function. The strength of the neural response will be ex-
pected to increase as the contrast of an image is increased. Stimu-
lus contrast has been shown to affect discomfort judgements
(Fernandez & Wilkins, 2008; Juricevic et al., 2010; Wilkins et al.,
1984).
When assessing the effects of manipulating the Fourier ampli-
tude spectrum on discomfort, Fernandez and Wilkins (2008) were
careful to control for the physical (RMS) contrast of their stimuli.
They did this in two different ways. In one set of stimuli, the ampli-
tudes of the natural slope and bump images were matched at the
3 cycles/degree peak of the bump. This meant that the amplitude
was lower in the bump images than in the natural slope images
at all other frequencies (RMS contrast was 0.12 and 0.2 respec-
tively), and they therefore had a lower amplitude overall. Another
set of stimuli was created in which the overall contrast of the
images was matched (RMS contrast of 0.2). They found the same
pattern of discomfort judgements in both cases.
However, it is unclear whether observers would have perceived
either set of stimuli as having the same contrast. Observers are
more sensitive to spatial frequencies around 4 cycles/degree than
they are to higher or lower frequencies (Campbell & Robson,
1968). Therefore, adding a bump in the amplitude spectrum
around this spatial frequency might create a greater response com-
pared to other stimuli with bumps at higher or lower spatial fre-
quencies, even when stimuli are matched for physical contrast.
This could then account for the visual discomfort effects in terms
of a disproportionately large response to excess contrast around
the frequency of 3 cycles/degree suggested by Fernandez and
Wilkins (2008). That is, the inﬂuence of spatial frequency on visual
discomfort could be a contrast effect resulting from the differential
sensitivity to different spatial frequencies, rather than a direct re-
sult of spatial frequency per se.
The contrast sensitivity function measures the detectability of
stimuli at low (just perceptible) levels of contrast. There is evi-
dence of a ﬂattening of this function at suprathreshold contrast
levels (Georgeson, 1985, 1991; Georgeson & Sullivan, 1975), and
for stimuli more complex than the simple gratings used to deter-
mine the contrast sensitivity function (Bex & Langley, 2007). This
phenomenon is known as contrast constancy. For example, two
stimuli with a different spatial frequency but the same contrast ap-
pear more similar in contrast than would be predicted by a simple
comparison of their contrast thresholds. This ﬂattening is not,
however, complete (Bex & Makous, 2002); stimuli for which con-
trast thresholds are lowest tend to appear higher in contrast at a
given level of suprathreshold contrast. Therefore, when contrast
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quencies to which we are particularly sensitive, this might result in
an increase in their perceived contrast.
Differences in perceived contrast could potentially account for
some of the effects reported by Fernandez and Wilkins (2008).
When stimuli were matched for overall physical contrast, bump
stimuli might be expected to have a higher perceived contrast than
natural slope stimuli. Discomfort might then reﬂect these differ-
ences in perceived contrast. This explanation would be consistent
with the view that discomfort can arise from cortical hyperexcita-
tion; the increased response from the stimuli with more perceived
contrast might have been judged as more uncomfortable. It is not
possible to predict exactly how perceived contrast will be affected
by changes in the amplitude spectra for complex stimuli. There-
fore, the aim of the ﬁrst experiment was to measure perceived con-
trast in the current stimuli. This will allow us to determine how
perceived contrast varies with the location of the peak in spectral
power. It will also allow us to create stimuli that are matched for
their perceived contrast, which may then be used in our experi-
ments on visual discomfort.
A further complication is that the relationship between image
contrast and discomfort is in fact non-monotonic (Fernandez &
Wilkins, 2008; Juricevic et al., 2010). Discomfort increases when
contrast is either too low (Juricevic et al., 2010; Nahar, Sheedy,
Hayes, & Tai, 2007) or too high (Fernandez & Wilkins, 2008;
Wilkins et al., 1984). These results are likely to reﬂect a combina-
tion of reduced visibility and a poor signal for accommodation at
low contrasts, and strong neural responses at high contrasts (e.g.
Wilkins, 2003, pp. 111–114). For example, Owens (1980) showed
that sine-wave stimuli at the extremes of the contrast sensitivity
function are poorer stimuli for accommodation. These effects
might also depend on the type of stimulus (e.g. text or striped pat-
terns) and individual differences in sensitivity (Conlon et al., 2001).
The current study was conducted to clarify the role of spatial
frequency in visual discomfort in broad-band images. We were
particularly interested to dissociate such effects from potential dif-
ferences in perceived contrast. The ﬁrst aim was therefore to deter-
mine if broad-band noise stimuli that are matched for their
physical contrast differ in their perceived contrast when contrast
amplitude is concentrated at different spatial frequencies. It is pos-
sible that any such differences could account for the effects of spa-
tial frequency on visual discomfort that have been found in
previous studies (Fernandez & Wilkins, 2008; Wilkins et al.,
1984). This, in itself, would represent an important insight regard-
ing the factors contributing to discomfort. The second aim was to
determine whether such effects are tuned for spatial frequencyFig. 1. Left: Amplitude spectra; log spatial frequency (x-axis) plotted against log amplitud
stimulus.(i.e. whether particular spatial frequencies are judged more
uncomfortable than others) or if all spatial frequencies are equally
uncomfortable once such potential contrast effects are taken into
account.
2. General methods
2.1. Apparatus
Stimuli were presented at a distance of 1 m, on a 2100 Sony
Trinitron monitor with a screen resolution of 1680  1050 and a
vertical refresh rate of 60 Hz. A chin-rest was used to maintain
the correct viewing distance. One pixel subtended 0.8 arc min.
Images were created and displayed using MATLAB (The Math-
works, Inc., 2005) and the Psychophysics Toolbox (Brainard,
1997; Pelli, 1997). The luminance response of the monitor was
measured and calibrated using a Minolta LS-110 photometer. The
luminance of the mid-grey background was 38.5 cd/m2. The lumi-
nance range was from 3 to 74 cd/m2.
2.2. Stimuli
Stimuli were based on those in Study 3 of Fernandez and Wil-
kins (2008). 840  840 pixel Gaussian white noise images were ﬁl-
tered in the Fourier domain to produce images with a 1/f natural
slope amplitude spectrum. The left hand side of Fig. 1 plots the
1/f amplitude spectrum on log axes. We adopt the terminology of
Fernandez and Wilkins and refer to these as ‘natural slope’ images.
For some of the stimuli, a peak was added to the amplitude spec-
trum by multiplying the 1/f spectrum with a raised radial cosine
ﬁlter that was symmetrical in log axes;
Hðf Þ ¼
T
T
2 1þ cos pTb logðf Þ  logðf0Þj j  1b2T
  h i
0
8><>:
 for
0 6 logðf Þ  logðf0Þj j 6 1b2T
 
1b
2T 6 logðf Þ  logðf0Þj j 6 1b2T
 
logðf Þ  logðf0Þj j > 1b2T
 
8>><>: ð1Þ
where T is 0.9, b is the roll-off factor of 0.5, f is the frequency of the
peak, f is frequency and f0 is the centre frequency of the peak. These
we refer to as bump images. An example of a bump stimulus ampli-
tude spectrum can be seen on the right hand side of Fig. 1. Because
we were interested in the spatial frequency tuning of the effects of
manipulating the amplitude spectrum in this way, we used ae (y-axis) for a 1/f natural slope. Right: The amplitude spectrum of an example bump
Fig. 2. Some of the stimuli used in the experiment (left to right); 0.188, 0.75, and 3 cycles/degree bump stimuli and natural slope stimulus.
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(2008) (±3 octaves). The relative amplitude at the peak spatial fre-
quency was increased by a factor of 10. The peak spatial frequencies
used were 0.188, 0.375, 0.75, 1.5, 3, 6, 12 and 24 cycles/degree.
Examples of a natural slope stimulus and some of the bump stimuli
are shown in Fig. 2.
All stimuli were multiplied by a window with a central circle
subtending a diameter of 5.4 and a Gaussian drop-off at the edges
(standard deviation of 0.93). Each visible pattern subtended
approximately 8.53. On each trial, two stimuli were presented
side-by-side at the same time. One was presented on the left, with
its centre at an eccentricity of 5.71 relative to the centre of the
screen. Theotherwaspresented at the sameeccentricity on the right
of the screen. The physical contrast of the stimuli was deﬁned in
terms of their RMS contrast, which has been shown to be the most
representativemeasure of contrast for complex images (Peli, 1990);ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃPðI bIÞ2P
I
s
ð2Þ
where I is the intensity of a pixel, normalised between 0 and 1, and Î
is the average intensity. Ten versions of each stimulus were created,
in order to prevent observers recognising particular patterns.
3. Experiment one: Contrast matching
The aim of the ﬁrst experiment was to measure the degree of
contrast constancy for the bump stimuli used by Fernandez and
Wilkins (2008). We were interested to establish ﬁrstly whether
bump stimuli have the same perceived contrast as natural slope
stimuli that are matched for physical contrast, and secondly
whether perceived contrast is affected by the peak spatial fre-
quency of the bump; i.e. if all bump stimuli were judged to have
the same contrast. These results will be used to create stimuli that
are matched for their perceived contrast, to be used in the discom-
fort rating experiments.
3.1. Method
3.1.1. Observers
Two experienced psychophysical observers (the two authors)
took part in the experiment. Both had corrected-to-normal vision.
In order to check the generalisabilty of these results across a wider
population, three more experienced psychophysical observers with
corrected-to-normal vision also took part in the experiment at a
later date. All experiments were approved by the University of
St. Andrews University Teaching and Research Ethics committee.
3.1.2. Procedure
The task was a spatial two-alternative forced-choice (2AFC)
procedure, using the method of constant stimuli. On each trial a
standard and test stimulus were presented simultaneously,
side-by-side on a mid-grey background. Presentation time was1.8 s, with an abrupt onset and offset (i.e. a rectangular temporal
window). Between stimulus presentations, the screen was black.
A central white ﬁxation cross was present throughout. Observers
pressed the left or right arrow key on the computer keyboard to
indicate which stimulus appeared to have the higher contrast.
The next trial was presented when the observer pressed a response
key.
The standard was a natural slope stimulus with the same mean
luminance varying around the value of the mid-grey background
(luminance = 38.5 cd/m2). There were 10 versions of the 1/f slope
standard stimulus, with the mean RMS contrast of 0.059, and stan-
dard deviation of 0.0011.
Each test set consisted of a bump at a different spatial
frequency. Each spatial frequency in turn was manipulated to have
a range of 10 different contrasts, decided on by a pilot study. For
the 0.375, 0.75, 1.5 and 3 cycles/degree spatial frequencies the
range of contrast was from 0.6 to 1.5 times the RMS contrast of
the standard, increasing in increments of 0.1. For 0.188, 6 and
12 cycles/degree stimuli the ranges were 1.1–2, 1.1–2 and
1.6–2.5 times the contrast of the standard, respectively. All stimuli
had the same mean luminance. Each block compared only one spa-
tial frequency to the natural slope standard. Each block consisted
of 40 repetitions of each of the 10 different contrast stimulus com-
parisons, 20 with the standard on the left, 20 with the standard on
the right. Each observer completed one such block for each of the
eight spatial frequencies.3.2. Results
Observers’ responses were plotted as the proportion of trials in
which the test was chosen as having more contrast than the stan-
dard against the contrast of the test stimuli. A cumulative Gaussian
was then ﬁtted to the data using the ‘psigniﬁt’ toolbox (Wichmann
& Hill, 2001a, 2001b). The Point of Subjective Equality (PSE), de-
ﬁned as the level at which the observer chose the standard as
the higher contrast on half the trials, was determined from the ﬁt-
ted curve. PSEs for the two authors are plotted against spatial fre-
quency in Fig. 3. The highest spatial frequency tested (24 cycles/
degree) is not included on this graph as it could not be matched
for contrast; even at maximum achievable contrast the natural
slope standard still appeared to have more contrast than this stim-
ulus. The results of this experiment were used to match the stimuli
for perceived contrast in experiment two.
The individual results for the three naïve observers who also
took part in this experiment are plotted in Fig. 4. This ﬁgure also
shows that the average of the two authors’ data (i.e. the values that
were used to create stimuli matched for perceived contrast in the
second experiment), and the average of all ﬁve observers. Despite
some individual variation there is a clear U-shaped tuning function
for all observers. Stimuli with the same RMS contrast, but different
amplitude spectra, did not appear to have the same contrast. There
also seems to be good agreement between the average data for the
two authors and the average data across all observers.
Fig. 3. Relative RMS contrast is plotted (y-axis) against spatial frequency of stimuli
(x-axis). U-shaped tuning function for PSEs for two observers, LOH and PBH.
Perceived contrast is not the same across spatial frequencies. Error bars show 95%
conﬁdence limits.
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These results show that broadband bump stimuli of the kind
used by Fernandez and Wilkins (2008) tend not to have the same
perceived contrast as natural slope stimuli that are matched for
RMS contrast. Also, there are variations in perceived contrast as a
function of the central spatial frequency of the bump. There is indi-
vidual variation in the exact spatial frequencies judged as having
more contrast, for example observer two shows low pass tuningFig. 4. Relative RMS contrast is plotted (y-axis) against spatial frequency of stimuli (x-a
tuning functions across observers. Error bars show 95% conﬁdence limits. The fourth plo
original two authors (ﬁlled circles). There is little difference in the shape of the tuning
frequencies. Error bars on this plot are the standard deviations.(see Fig. 4). However, there is a broadly similar u-shaped tuning
function for all observers (except for observer two), indicating that
stimuli that are matched for physical contrast are not matched for
perceived contrast. Furthermore, the middle of the range of spatial
frequencies used seems to be generally perceived to have a higher
contrast than the higher and (with the exception of observer two)
lower spatial frequency images.
This raises the possibility that the ﬁndings of Fernandez and
Wilkins (2008) might in part reﬂect differences in perceived con-
trast, which might in turn reﬂect greater cortical excitation for
some stimuli. That is, concentration of energy around 3 cycles/de-
gree might increase the perceived contrast of stimuli. The results
clearly show that the stimuli do not have the same perceived con-
trast when matched for RMS contrast. These results will be used to
compensate for the effects of perceived contrast in the second
experiment, which investigates discomfort judgements.4. Experiment two: Relative discomfort judgements
The ﬁrst aim of the second experiment was to determine
whether bump stimuli are judged more uncomfortable than natu-
ral slope stimuli when they are approximately matched for their
perceived contrast. The second aim was to determine whether dis-
comfort ratings for these stimuli are affected by the spatial fre-
quency of the peak of the bump. Perceived contrast was not
matched for each participant individually, for a number of reasons.
Firstly, this would have required us to present stimuli with a differ-
ent physical contrast for each participant, which is something we
wished to avoid. Secondly, observers would have been exposed
to many examples of the experimental stimuli before they were
asked to judge their relative discomfort, which may have affectedxis) for the three extra observers. Individual variation can be seen in the U-shaped
t is the average of all ﬁve observers (open circles) is plotted with the average of the
function for the averages. Again, perceived contrast is not the same across spatial
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length of the experiments.
Stimuli were instead approximately matched by the average
contrast matching function for the two authors. This manipulation
had the effect of increasing the physical contrast of those stimuli
that had a low perceived contrast, and decreasing the physical con-
trast of those that had a high perceived contrast.
4.1. Method
4.1.1. Observers
Eleven naive observers, four male, seven female, with normal or
corrected-to-normal vision, participated in the ﬁrst condition in
this experiment, and 15 in the second. All participants were stu-
dents at the University of St. Andrews, and all were over 18 years
of age. All 11 participants from the ﬁrst condition took part in
the second condition. All participants gave their informed consent
to participation.
4.1.2. Stimuli
Stimuli were created as before, but were matched for perceived
contrast according to the results of experiment one by taking the
mean of the PSEs for the two authors, and using stimuli with this
RMS contrast. All of these stimuli should therefore have approxi-
mately the same perceived contrast as each other, and the natural
slope standard, given the good agreement between observers in
experiment one. Stimuli with a bump at 0.75, 1.5 or 3 cycles/de-
gree therefore had a lower RMS contrast than the standard. The
remaining stimuli (0.188, 0.375, 6 and 12 cycles/degree) had a
higher RMS contrast. The natural slope stimulus remained with
an RMS contrast of 0.059 and a mean luminance of 38.13 cd/m2.
4.1.3. Procedure
There were two conditions. In the ﬁrst condition the standard
was the natural slope stimulus. In the second condition, the stan-
dard was the 3 cycles/degree bump stimulus. In both conditions,
bump stimuli at all seven spatial frequencies tested were com-
pared with the standard. This means that for some trials, the 3 cy-
cles/degree stimulus was both the standard and the test stimulus.
The second condition was conducted to provide a more direct test
of any possible spatial-frequency tuning. It is possible, for example,
that all bump stimuli would be judged as less comfortable than the
natural slope standard, but this would not necessarily indicate
their discomfort relative to one another. Within each block of trials,
all 7 bump stimuli were compared with the standard 30 times. This
resulted in 210 trials per block. Stimuli were again presented for
1.8 s, with an abrupt onset and offset. Two blocks of trials were
run, one for each of the two standards. Each block took around
20 min to complete. As before, the test stimulus was presented
on the right in half of the trials, and on the left in the other half.
Ten different, randomly chosen versions of each stimulus were
used to avoid recognition of individual images. Participants chose
the stimulus they considered to be more comfortable. This partic-
ular phrasing was used as it was felt more intuitive than asking
observers to pick the uncomfortable image, since none of the
images was particularly uncomfortable. For example, no high-con-
trast striped patterns were used. Observers responded by pressing
the left or right arrow key on the computer keyboard.
4.2. Results
Each trial consisted of a presentation of two images, the test and
the standard, and the observer was asked to judge which of the two
was the more comfortable. The percentage of times a test stimulus
was considered more uncomfortable than the standard was taken
as a measure of discomfort. Fig. 5 plots relative discomfortjudgements (percentage of times a test stimulus is considered
the less comfortable of the pair) as a function of the spatial fre-
quency of the peak of the bump. As all observers showed a similar
pattern of results, the plotted line is the average of all observers’
discomfort judgements.
The left hand side of Fig. 5 plots results averaged across observ-
ers for the ﬁrst condition, in which stimuli were compared with a
natural slope standard. The right hand side shows the results for
the second condition, in which stimuli were compared with a 3 cy-
cles/degree bump standard.
When the standard was a natural slope stimulus, it tended to be
judged as the more comfortable image. Eleven observers judged 7
spatial frequencies of bump against natural slope stimuli, and in 70
out of these 77 cases the bump stimuli tended to be judged as the
more uncomfortable. The probability of at least this number of
judgements that the bump is the less comfortable stimulus by
chance is less than 105. In general, bump stimuli were judged as
more uncomfortable than natural slope stimuli that were matched
for perceived contrast. The results also showed clear spatial fre-
quency tuning; not all bump stimuli were equally likely to be
judged as the more uncomfortable. As there were non-normal dis-
tributions of the data due to ceiling effects for some of the stimuli,
non-parametric statistics were used. A Friedman’s test showed this
effect of spatial frequency to be signiﬁcant (v2 = 25.77, N = 11,
df = 6, p < 0.001).
This spatial frequency tuning was tested more directly in the
second condition, in which bump stimuli with different spatial fre-
quencies were compared. On each trial, a test stimulus was com-
pared with a 3 cycles/degree bump standard. The results of this
condition are plotted on the right hand side of Fig. 5. When the test
was also a 3 cycles/degree bump (i.e. the same as the standard)
preferences were at chance levels (50%), as would be expected.
For other frequencies, the results show clear spatial frequency
tuning. Again, results of a Friedman’s test showed this spatial
frequency tuning to be signiﬁcant (v2 = 49.10, N = 15, df = 6, p <
0.001). This spatial frequency tuning was explored further by per-
forming a Wilcoxon test, comparing the responses averaged across
low spatial frequencies (0.188–1.5 cycles/degree) with responses
in which the 3 cycles standard was compared with itself. This
was also done for the average of the responses across the two high-
est spatial frequencies (6 and 12 cycles/degree). Bonferroni correc-
tions for multiple comparisons were performed. This allowed us to
determine whether moving the peak of the energy to lower or
higher spatial frequencies tended to increase or decrease judg-
ments of discomfort. The median number of discomfort responses
to low spatial frequency bumps (0.19–1.5 cycles/degree; med-
ian = 13) was signiﬁcantly higher than those to the 3 cycles/degree
test stimulus (median = 0) (T = 6, n = 15, p < 0.05). The median
number of discomfort responses to stimuli with a bump at higher
spatial frequencies (6 and 12 cycles/degree; median = 13) was
not signiﬁcantly different from responses to the 3 cycles/degree
test stimulus (median = 0) (T = 31, n = 15, NS).
4.3. Discussion
The results of the ﬁrst condition show that the ﬁltered noise
pattern with a 1/f natural slope amplitude spectrum is consistently
considered more comfortable than a stimulus with a relative in-
crease in energy at some point (i.e. a peak) in the amplitude spec-
trum (the bump stimuli). This ﬁnding cannot be explained by
differences in perceived contrast, as stimuli were approximately
matched for this. It is likely that stimuli would not be exactly
matched for contrast for each individual, since the same contrasts
were used for all observers. These were derived from the contrast
matching data of the two authors. However, given the contrast
matching data for three naïve observers in experiment one, these
Fig. 5. Left: Percentage of times that the test stimulus was chosen as more uncomfortable (y-axis) against spatial frequency (x-axis) for bump stimuli compared to the natural
slope standard. The bump stimuli are more often considered more uncomfortable than the natural slope standard. Right: Results when bump stimuli were compared to a
3 cycles/degree bump standard. The lower spatial frequencies (1.5, 0.75, 0.375 cycles/degree) were more often judged more uncomfortable than the 3 cycles/degree standard.
Error bars show ±1 standard deviation.
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wider population. It is also instructive to note that discomfort
judgements did not correlate with physical contrast. Contrast
was raised for both the lowest and highest spatial frequencies
used, whereas discomfort judgements were not.
One interpretation of this ﬁnding is that deviation from the typ-
ical amplitude spectrum of natural images increases visual discom-
fort. However, this explanation alone cannot account for the clear
tuning of the results for spatial frequency. All the bump stimuli
deviated by the same amount from the statistics of natural images,
and therefore there should be no difference between them if devi-
ation from natural slope spectra were the sole cause of visual
discomfort.
This spatial frequency tuning was assessed more directly in the
second condition. Stimuli with a peak at a frequency lower than
the 3 cycles/degree standard were consistently chosen as less com-
fortable. This is not exactly the same as the frequency associated
with maximum discomfort by Fernandez and Wilkins (2008). They
suggested that frequencies within two octaves of 3 cycles/degree
should be the most uncomfortable. Whilst those lower than 3 cy-
cles/degree are more uncomfortable than the 3 cycles/degree stan-
dard, those above (6 and 12 cycles/degree) were not. There are a
variety of possible reasons for this. One possibility is that the re-
sults simply reﬂect individual differences across the two studies.
Conlon et al. (2001) showed that individuals scoring differently
on measures of susceptibility to visual discomfort can show very
different spatial frequency tuning for discomfort ratings.
Alternatively, this difference could have been as a result of the
slightly eccentric presentation of the stimuli used in the current
experiment. The peak of the contrast sensitivity function shifts to
lower spatial frequencies as the eccentricity of the stimuli pre-
sented is increased (Johnston, 1987). If maximum discomfort oc-
curs for stimuli at the peak of the contrast sensitivity function,
we might expect a peak at frequencies lower than 3 cycles/degree,
because the centres of both our test and standard stimuli were at
an eccentricity of 5.71. The perceived spatial frequency of gratings
is also affected by their eccentricity – a given spatial frequency will
be perceived as being a higher frequency when it is presented in
the periphery than when it is presented centrally (Davis, Yager, &
Jones, 1987). Again, this might be expected to shift the peak of
the discomfort function to a lower spatial frequency for peripher-
ally presented stimuli in comparison with centrally viewed stimuli.
To address these issues directly, the experiments were repeated
with the stimuli presented centrally.5. Experiment three: Contrast matching for centrally presented
stimuli
The aim of this experiment was to repeat the contrast matching
experiment for centrally-presented stimuli. Again, we were inter-
ested to establish ﬁrstly whether bump stimuli have the same per-
ceived contrast as 1/f stimuli that are matched for physical
contrast, and secondly whether perceived contrast is affected by
the peak spatial frequency of the bump.5.1. Method
5.1.1. Observers
The two authors again served as observers.5.1.2. Stimuli
The stimuli presented were the same as those used in experi-
ment one, except that they were presented centrally.5.1.3. Procedure
A two-interval forced-choice (2IFC) method was used, in which
the test and standard were presented sequentially in the centre of
the screen. The ﬁrst stimulus was presented for 1.8 s, with a delay
of a single frame before the second stimulus was presented, also
for 1.8 s. The order of presentation of the stimuli was randomly
chosen on each trial. The observers’ task was to decide whether
the stimulus in the ﬁrst or second interval had the higher contrast.5.2. Results
The RMS contrasts required so that each bump stimulus
matched the natural slope standard are plotted in Fig. 6 as a func-
tion of spatial frequency. Again, a clear lack of contrast constancy is
apparent. Stimuli with bumps centred on 1.5 and 3 cycles/degree
again appear signiﬁcantly higher in contrast than natural slope
stimuli matched for RMS contrast, as can be seen from the 95% con-
ﬁdence limits on the estimates of the points of subjective equality.
Perceived contrast reduced for higher and lower frequencies. This
pattern of results does not differ from that found in experiment
one. In particular, there is no shift in the peak of the perceived con-
trast function to higher spatial frequencies. These results were
used to produce stimuli matched for perceived contrast that could
Fig. 6. Relative RMS contrast is plotted (y-axis) against spatial frequency of stimuli
(x-axis) for centrally presented stimuli. This again shows a U-shaped tuning
function for PSEs for two observers, LOH and PBH, meaning that perceived contrast
is not the same across spatial frequencies. Error bars show 95% conﬁdence limits.
Fig. 7. Percentage the test stimulus chosen as more uncomfortable (y-axis) plotted
against spatial frequency of test stimulus (x-axis) for centrally presented stimuli.
Again there is a spatial frequency tuning effect: 0.75, 1.5 and 0.375 cycles/degree
are more often chosen as more uncomfortable than the 3 cycles/degree standard.
Error bars show ±1 standard deviation.
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presented stimuli.
6. Experiment four: Relative discomfort judgements for
centrally presented stimuli
The aim of this experiment was to repeat the second condition
of experiment two, using only the 3 cycles/degree bump stimulus
standard, for centrally-presented test stimuli. Given the effect of
eccentricity on the location of the peak of the contrast sensitivity
function (Johnston, 1987), and on perceived spatial frequency
(Davis et al., 1987), it might be predicted that the tuning of the
comfort/discomfort judgements might shift to higher spatial fre-
quencies for centrally-presented stimuli.
6.1. Method
6.1.1. Observers
Fifteen naive student observers (eleven female, four male), with
normal or corrected-to-normal vision took part in the study. All
were within the age range 18–30. None of these observers had
taken part in the ﬁrst experiment.
6.1.2. Stimuli
Bump stimuli were the same as in the second condition of
experiment two, except that this time they were matched for
perceived contrast for centrally-presented stimuli, based on the
results of experiment three.
6.1.3. Procedure
A two interval forced-choice (2IFC) method was used, so that
the stimuli were presented one after the other centrally. Observers
indicated which stimulus they found more comfortable using the
arrow keys on the computer keyboard: left for the ﬁrst interval,
right for the second interval.
6.2. Results
Results are plotted in Fig. 7. As in experiment two, all observers
showed a similar pattern of results, which were therefore averaged
across observers. Spatial frequency tuning remained, and was sim-
ilar to that observed for the eccentrically presented stimuli inexperiment two. Lower spatial frequencies were more often judged
more uncomfortable than the 3 cycles/degree bump standard.
Again, results of a Friedman’s test showed tuning to be signiﬁcant
(v2 = 19.97, N = 15, df = 6, p < 0.05). Wilcoxon tests again showed
that the median responses to spatial frequencies lower than 3 cy-
cles/degree (0.19–1.5 cycles/degree; median = 8.1) differed from
those to the 3 cycles/degree test stimuli (median = 1.5) (T = 13,
n = 15, p < 0.05). The median responses to the two highest frequen-
cies (6 and 12 cycles/degree; median = 3.5) did not differ from
those to the 3 cycles/degree test stimuli (median = 1.5); (T =
39.5, n = 15, NS).6.3. Discussion
Changing the location of the stimulus to the centre of the visual
ﬁeld did not affect the pattern of results. The spatial frequency
tuning was not affected by the central presentation of stimuli,
and midrange spatial frequencies were consistently judged more
uncomfortable.
The combined results of experiments one to four show that
there is an effect of spatial frequency on visual discomfort. Even
when matched for perceived contrast, stimuli with a concentration
of energy around spatial frequencies lower than 3 cycles/degree
tended to be judged more uncomfortable than stimuli in which en-
ergy is concentrated around 6 and 12 cycles/degree.7. Experiment ﬁve: Discomfort rankings for printed stimuli
A ﬁnal experiment was performed to address some methodo-
logical differences between our experiments, and those performed
by Fernandez and Wilkins (2008). In our experiments thus far, we
chose to present stimuli on a computer monitor, which was viewed
from a ﬁxed distance using a chin-rest. This was to ensure that
properties of the images such as their spatial frequency, luminance
and contrast were controlled as accurately as possible. We also
used a simple 2AFC judgement task. Our procedures differed from
those adopted by Fernandez and Wilkins (2008) in a number of
ways. Firstly, they used stimuli that were printed onto paper and
held at arms’ length by their participants. Secondly, discomfort
was assessed by rating each image, on a 10-point scale, and by
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study, in which observers made rank-order judgements for printed
stimuli, was performed to assess the possible effects of these dif-
ferences on our results.7.1. Method
7.1.1. Stimuli
Stimuli were made as before using the Psychophysics Toolbox
(Brainard, 1997; Pelli, 1997) and MATLAB 7.1 (The Mathworks
Inc., 2005). They had the same spatial frequencies as those used be-
fore (0.188, 0.75, 1.5, 3, 6, 12 cycles/degree), when viewed at a dis-
tance of 1 m. One metre was marked using a piece of string that
was held up to the face whilst viewing the stimuli. Stimuli were
matched for perceptual contrast based on the contrast matching
data collected in experiment three. Stimuli were printed so that
the visible pattern was 16  16 cm on white A4 paper using a HP
Laserjet 1200 printer, which was calibrated using the sameMinolta
LS-110 photometer as previously used. The seven images were pre-
sented in a circular formation against a black wall. The centre of
each stimulus was at a distance of approximately 10 cm from the
centre of the circle. The angular extent of the images was 9.1.7.1.2. Observers
Fifteen naive student observers, predominantly female, with
normal or corrected-to-normal vision took part in the study. One
of these had taken part in experiments two and three, another four
observers had taken part in experiment two. All gave informed
consent to the study in accordance with the University of St. An-
drews Teaching and Research Ethics Committee.7.1.3. Procedure
Observers viewed the set of images, placed in a randomised
conﬁguration, and ranked them according to comfort (comfortable
to uncomfortable) using the score sheet provided. Viewing time
was unlimited.7.2. Results
Average rankings across observers are shown in Fig. 8. Once
again, clear tuning for spatial frequency is evident, with discomfort
ratings tending to be lower for the highest spatial frequency pres-
ent. The shape of the tuning is similar to that obtained in the two
previous 2AFC and 2IFC tasks (experiments two and four). As the
data were ordinal (based on rankings), again a non-parametric sta-
tistic was used; the results of a Friedman test showed the spatial
frequency tuning to be statistically signiﬁcant (v2 = 12.97, N = 15,
df = 6, p < 0.05).Fig. 8. Average discomfort rankings of printed stimuli (y-axis) plotted against
spatial frequency (x-axis). Spatial frequency tuning effects are once again shown.7.3. Discussion
The results of this experiment again show clear effect of spatial
frequency on visual discomfort judgements. The results differ
somewhat from those found in the earlier experiments, as a
marked effect is only evident for the highest spatial frequencies
in this case. This difference may reﬂect the greater variability in
the data obtained from rank-order judgements compared to 2AFC
tasks. Nevertheless, these results show that overall the effect is ro-
bust to differences in terminology used in the instructions
(whether participants were asked about comfort or discomfort),
to method of presentation of the stimuli (printed vs. presentation
on a computer monitor) and method of judgement (2AFC compar-
isons vs rankings of all stimuli).8. General discussion
Previous studies have shown clear effects of both the contrast
and spatial frequency of stimuli on their judged discomfort
(Fernandez & Wilkins, 2008; Juricevic et al., 2010; Wilkins et al.,
1984). These effects have been linked both to deviations of the sta-
tistics of stimuli from those that are typical of natural images, and
to a role played by hyperexcitation of the visual cortex in discom-
fort (Juricevic et al., 2010). In the current study, the potential roles
of spatial frequency and perceived contrast in these effects were
uncoupled. We found that broadband stimuli of the type used by
Fernandez and Wilkins (2008) do not exhibit full contrast con-
stancy. That is, stimuli that are matched for physical contrast do
not necessarily have the same perceived contrast. With the poten-
tial role of perceived contrast taken into account, we found that
adding energy to a 1/f stimulus within a relatively narrow fre-
quency band tended to increase their discomfort. That is, the re-
sults of Fernandez and Wilkins (2008) are unlikely to have
occurred simply as a result of possible differences in perceived
contrast. Moreover, this effect was tuned for spatial frequency,
such that the addition of energy around 0.375–1.5 cycles/degree
of spatial frequency produced the greatest discomfort ratings.
These ﬁndings were robust to variations in the presentation of
the stimuli, or the rating method used. Similar results were ob-
tained regardless of whether stimuli were presented on a com-
puter monitor or printed onto paper, or presented centrally or
peripherally. Similar results were also obtained regardless of
whether discomfort was judged by rank ordering, or using 2AFC
and 2IFC methods.
The tuning of these ratings peaks around frequencies of
0.75–1.5 cycles/degree. This is lower than the peak around 3 cy-
cles/degree discussed by Fernandez and Wilkins (2008), although
within the range of within two octaves suggested. However, it is
important to note this conclusion was based on an analysis of
the spectra of comfortable and uncomfortable artworks and photo-
graphs, and that the location of the spatial frequency peak was not
directly manipulated in their experiments. Earlier work by Wilkins
et al. (1980) suggested that the critical midrange frequencies may
lie between 1 and 4 cycles/degree. Importantly, Conlon et al.
(2001) showed clear individual differences in these results, depen-
dent on participants’ susceptibility to visual discomfort. Since this
was not reported by Fernandez and Wilkins (2008), and was not
measured in the current study, this might be one factor that could
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sible for discomfort in different studies.
As discussed in the introduction, a number of explanations of
the discomfort evoked by certain stimuli have been proposed.
Firstly, discomfort may reﬂect hyperexcitation of the visual cortex.
This would then explain why it is those frequencies to which the
visual system is most responsive that are typically associated with
discomfort. The results of the current study do not conﬂict with
this idea. However, any such effects might be expected to vary with
perceived contrast, and therefore should be minimised in our
experiments since in all cases stimuli were approximately matched
for perceived contrast. A second, related explanation is that dis-
comfort arises when the statistical properties of images deviate
signiﬁcantly from those of natural images (Juricevic et al., 2010).
Since it is reasonable to assume that the visual system is optimised
to encode natural images, such deviations will lead to suboptimal
encoding. Speciﬁcally, Field (1994) noted that the spatial frequency
bandwidths of visual channels mean that they will carry equal
amounts of information in natural images. When energy is concen-
trated around a narrow range of spatial frequencies, the distribu-
tion of responses across channels will therefore be uneven. This
departure from the expected distribution of activity might be
responsible for the discomfort. This might occur through a change
in the sparseness of the response (Redies, 2007), or to the meta-
bolic load placed on the system (Barlow, 1961). In attempting to
quantify such possible differences, it will also be necessary to take
account of the time-course of the visual system’s responses, and
how this would be affected by temporal properties of the stimuli.
Detailed consideration of these issues is beyond the scope of the
current study.
A ﬁnal possible factor is differences in the perceived blur, and
accommodative load, across stimuli. Accommodative insufﬁciency,
and accommodative lag (in which the image is focussed in front of
the retina), are associated with visual discomfort (Allen, Hussein,
Usherwood, & Wilkins, 2010; Chase, Tosha, Borsting, & Ridder,
2009). Accommodative lag can occur after reading for prolonged
periods of time, possibly through fatigue of the system due to high
accommodative demand. One cue that drives accommodation is
the perceived blur of the stimulus (Horwood & Riddell, 2008),
which in turn is affected by its amplitude spectrum. A concentra-
tion of energy at relatively low spatial frequencies occurs when a
stimulus is not well-focussed, and will cause it to appear blurred
(Murray & Bex, 2010; Webster, Georgeson, & Webster, 2002). It is
possible therefore that some of the changes in the amplitude spec-
trum in the current study, and that of Juricevic et al. (2010) are
interpreted as blur caused by poor accommodation. This blur
might then act as a stimulus for accommodation (Day, Gray, Seidel,
& Strang, 2009), and the fact that this blur cannot be removed by
changes in accommodation might lead to discomfort, possibly
through the fatigue of the accommodation system.
Given the importance of accommodative insufﬁciency as a
determinant of visual discomfort (Chase et al., 2009; Allen et al.,
2010), measures of the refractive error and accommodative re-
sponses of individuals might be useful when accounting for how
it is affected by the spatial properties of images. However, such
an analysis of individual differences in responses to stimuli goes
beyond the scope of the current study, which aimed to assess some
of the spatial factors affecting discomfort in the general public.
Overall, a detailed, quantitative understanding of the role of
contrast and spatial frequency on visual discomfort is important
to help to consolidate what is already known from clinical litera-
ture and the characteristics of uncomfortable images. This will be
a vital contribution to a better understanding of the functioning
of the visual system, and how to avoid visual discomfort in normal
and clinical populations. For example, almost all work concerned
with the optimal encoding of visual information has addressedhow this might be achieved, rather than the consequences of less
than optimal responses. Studying the causes of visual discomfort
is also important in order to understand and prevent adverse ef-
fects for clinical populations such as migraineurs and epileptics,
as well as to provide beneﬁts for non-clinical populations such as
increased productivity (e.g. Daum et al., 1994) and better reading
ability, as well as guidelines of how uncomfortable stimuli can
be avoided in the media (Wilkins, Emmett, & Harding, 2005).Acknowledgment
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